A new variant of fused cyclic ether synthesis based on Ireland-Claisen rearrangement and ring-closing olefin metathesis (RCM) was developed. The Ireland-Claisen rearrangement of a (Z)-3-alkoxyprop-2-en-1-yl glycolate ester having a cyclic ether on the oxygen at C3 of the (Z)-prop-2-en-1-yl group stereoselectively produced an anti-,-dialkoxyester, which was successfully transformed to a fused bicyclic ether via a reaction sequence including RCM.
Naturally occurring fused polycyclic ethers [1] have attracted attention from synthetic chemists, because the ethers include many synthetic challenges in their complex structures, which consist of multiple medium-sized ether rings and many asymmetric centers. To date, many of these challenges have been solved successfully, and several efficient methods have been developed for the construction of fused polycyclic ethers [2] [3] [4] . However, the stereoselective construction of medium-sized ether rings at the termini of polycyclic ether structures has remained difficult to achieve [5] .
Because we encountered this difficulty in the course of our studies toward the total synthesis of natural polycyclic ethers, we explored an effective method for attaching a medium ether ring to another ether ring [6] . Thus, we developed a process based on chiralitytransferring Ireland-Claisen rearrangement [7] and ring-closing olefin metathesis (RCM) [8] (Process I, Scheme 1) [9] . The process employed (Z)-3-alkoxyprop-2-en-1-yl glycolate esters having a cyclic ether on the C2 oxygen of the glycolate moiety (1) as substrates for the Ireland-Claisen rearrangement, and the substrates stereoselectively rearranged to ,-dialkoxyesters (3), which were successfully transformed to fused cyclic ethers (4) by a sequence of steps including RCM. The process was successfully applied to the construction of the EF-ring of ciguatoxin 3C [10] .
During these investigations, we noticed that (Z)-3-alkoxyprop-2-en-1-yl glycolate esters having a cyclic ether on the C3 oxygen of the (Z)-prop-2-en-1-yl group (5) were also usable as substrates for the Ireland-Claisen rearrangement, and the resulting ,-dialkoxyesters (7) could be converted to bicyclic ethers (9) via RCM of 8. Therefore, the synthetic process from 5 to 9 (Process II) was examined as a new variant of the fused cyclic ether synthesis. Here, the construction of bicyclic ether 10 (Scheme 2), corresponding to 9 with a methyl group at a ring junction (G = Me), from ester 14 according to the new variant synthesis is described.
The plan for the synthesis of 10 according to Process II is retrosynthetically shown in Scheme 2. We intended to demonstrate the effectiveness of Process II by completing the synthesis of 10, which includes a rel-(4S,5R,8S,9R)-8-alkoxy-9-alkyl- 1,5,4,9- diepoxy-5-methylnonane skeleton known as a basic partial structure of natural fused polycyclic ethers, such as ciguatoxin 3C (GH-ring) [11] , hemibrevetoxin B (BC-ring) [12] , and brevenal (AB-and CDrings) [13] (Fig. 1 ). The 7-membered ether ring of 10 was slated to be formed from diene 11 by RCM at the final stage of the synthesis. Preparation of 11 was planned from 12, which was expected to be constructed stereoselectively by Ireland-Claisen rearrangement of 14 with effective transfer of the C11-chirality of 14 to the newly formed C8 and C9 stereocenters of 12 via a chair-form transition state derived from Z-ketene silyl acetal 13 [14] . Ester 14 would be prepared from 15 via Lindlar hydrogenation, which would establish the (Z)-alkene group, and esterification with 2-benzyloxyacetic acid. The stereoselective formation of the key C11 stereocenter of 15 would be achieved by the addition of an acetylide derived from 17 to Garner's aldehyde (16) 
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The Ireland-Claisen rearrangement of 14 successfully proceeded under the standard conditions. Ester 14 was deprotonated with lithium hexamethyldisilazide (LHMDS) in the presence of trimethylsilyl chloride (TMSCl) in THF at -78C, and the resulting ketene silyl acetal was rearranged during warming to ambient temperature to produce a carboxylic acid, which was methylated with CH 2 N 2 to furnish 12 as a single stereoisomer (96% from 14). The stereochemistry of 12 was determined at a later stage of the synthesis. The final part of the synthesis of 10, including the modification of the side chain and the formation of the 7-membered ether ring, is shown in Scheme 4. Concomitant removal of the isopropylidene acetal, tert-butyloxycarbonyl (Boc), and PMB groups of 12 with trifluoroacetic acid (TFA), followed by oxidative cleavage of the resulting -amino alcohol group, produced an ,-unsaturated aldehyde, which was then reduced to 21 under Luche's conditions (73% from 12) [18] . After the allyl alcohol of 21 was selectively protected as a tert-butyldiphenylsilyl (TBDPS) ether, the alkene group was hydrogenated to give 22 (74% from 21). A three-step process [(i) reduction of the methyl ester, (ii) oxidation of two hydroxy groups, and (iii) Wittig methylenation] transformed 22 to diene 11 (38% in 3 steps). Finally, cyclization of 11 by RCM with Grubbs' second generation catalyst (23) in refluxing CH 2 Cl 2 effectively produced 10 in high yield (90%) [19] . The stereochemistry of 10 was confirmed by the presence of an NOE between H4 and H9, which indicated the cis-relationship of H4 and H9, as well as a large J H8-H9 value (9.2 Hz), which showed the 8,9trans-disubstitution, thereby verifying the stereochemistry of rearrangement product 12. Thus, the synthesis of 10 was successfully completed according to Process II.
In conclusion, a new variant of fused cyclic ether synthesis based on Ireland-Claisen rearrangement and RCM was developed. The
Ireland-Claisen rearrangement of (Z)-3-alkoxyprop-2-en-1-yl glycolate ester 14 having a cyclic ether on the oxygen at C3 of the (Z)-prop-2-en-1-yl group stereoselectively produced ,dialkoxyester 12, which was successfully transformed to fused bicyclic ether 10 via a reaction sequence including RCM.
Experimental
General procedure: Oxygen-and moisture-sensitive reactions were carried out in oven-dried (>130°C) glassware sealed under positive pressure of dry argon from a manifold or balloon. Sensitive liquids and solutions were transferred by a syringe-septa or cannula-septa technique. THF was distilled from sodium-benzophenone ketyl under argon, and CH 2 Cl 2 was distilled from CaH 2 under argon.
Other commercially available reagents were used without further purification. Flash column chromatography was performed on silica gel 60 (230-400 mesh). NMR spectra are reported as chemical shifts in parts-per-million based on tetramethylsilane (0 ppm) or one of the signals of the solvents ( 1 H NMR: 7.15 ppm for C 6 HD 5 in C 6 D 6 ; 13 C NMR: 77.0 ppm for CHCl 3 in CDCl 3 or 128.5 ppm for C 6 HD 5 in C 6 D 6 ). The following abbreviations are used to describe spin multiplicity: s = singlet, d = doublet, t = triplet, m = multiplet, br = broad, and the combinations derived from those listed. Coupling constants (J) are reported in Hertz (Hz). 
Compound 12:
To a solution of 14 (271 mg, 0.405 mmol) in THF (4 mL) were added TMSCl (0.257 mL, 2.13 mmol) and LHMDS (1.0 mol L -1 in THF, 2.13 mL, 2.13 mmol) at -78°C, and the mixture was stirred for 2 h. The reaction mixture was warmed to 23°C and stirred for 2 h. Saturated aq. NH 4 Cl and Et 2 O were added, and the mixture was extracted with EtOAc (ca. 50 mL 3). The combined organic layers were washed with brine, dried over anhydrous MgSO 4 , filtered, and concentrated under reduced pressure. To a solution of the residue in THF (10 mL) was added a solution of CH 2 N 2 in Et 2 O (excess) at 23°C, and the mixture was stirred for a while. The mixture was concentrated under reduced pressure, and the residue was purified by flash column chromatography (silica gel, n-hexane/EtOAc = 1) to give 12 (264 mg, 96% for 2 steps) as a colorless oil. Compound 21: To a solution of 12 (71.9 mg, 0.105 mmol) in CH 2 Cl 2 (1 mL) was added CF 3 CO 2 H (1 mL) at 23°C, and the mixture was stirred for 30 min. The mixture was concentrated under reduced pressure, and the residue was dissolved in dioxane (0.5 mL) and pH 7 buffer (0.5 mL). To the mixture was added NaIO 4 (67 mg, 0.315 mmol) at 23°C, and the mixture was stirred for 5 h. Saturated aq. Na 2 S 2 O 3 and EtOAc were added, and the mixture was extracted with EtOAc (ca. 15 mL 3). The combined organic layers were washed with brine, dried over anhydrous MgSO 4 , filtered, and concentrated under reduced pressure. To a solution of the residue in MeOH (3 mL) were added CeCl 3 •7H 2 O (117 mg, 0.315 mmol) and NaBH 4 (7.9 mg, 0.210 mmol) at -78°C, and the mixture was stirred for 30 min. Saturated aq. NH 4 Cl and EtOAc were added, and the mixture was extracted with EtOAc (ca. 15 mL 3). The combined organic layers were washed with brine, dried over anhydrous The combined organic layers were washed with brine, dried over anhydrous MgSO 4 , filtered, and concentrated under reduced pressure to give a crude alcohol. To a solution of (COCl) 2 (0.075 mL, 0.87 mmol) in CH 2 Cl 2 (5 mL) was added DMSO (0.103 mL, 1.45 mmol) at -78°C, and the mixture was stirred for 10 min. A solution of the above crude alcohol in CH 2 Cl 2 (1 mL) was added to the mixture via a cannula, and the mixture was stirred for 1 h. Et 3 N (0.405 mL, 2.90 mmol) was added, and the mixture was warmed to 0°C and stirred for 30 min. The mixture was diluted with n-hexane and 1 mol L -1 aq. HCl, and extracted with Et 2 O (ca. 15 mL 3). The combined organic layers were washed with brine, dried over anhydrous MgSO 4 , filtered, and concentrated under reduced pressure to give a crude aldehyde, which was immediately used in the next reaction. To a suspension of Ph 3 PCH 3 Br (104 mg, 0.29 mmol) in THF (1 mL) was added BuLi (1.6 mol L -1 in n-hexane, 0.189 mL, 0.29 mmol) at -20°C, and the mixture was stirred for 1 h. To the mixture was added a solution of the above crude aldehyde in THF (1 mL) at -78°C. After being stirred for 1 h, the mixture was warmed to 23°C and stirred for 1 h. Saturated aq. NH 4 
